Introduction
Bacterial multihaem cytochromes c (MCCs) form a large family of evolutionarily related haem c-containing proteins that play a central role in a diverse range of metabolic pathways involved in the global biogeochemical nitrogen and sulfur cycles (Einsle, 2011; Einsle et al., 2002; Hermann et al., 2015; Kartal and Keltjens, 2016; Kern et al., 2011a; Klotz et al., 2008; Mowat and Chapman, 2005; Simon et al., 2011) . The presence of one or more covalently bound haem groups attached to haem c binding motifs (usually CX 2 CH) enable such proteins to function as efficient electron carriers. In addition, some MCCs convert substrates and share structurally highly conserved haem c group arrangements despite catalyzing remarkably different biochemical reactions. Three of the most important MCCs involved in the nitrogen cycle are pentahaem cytochrome c nitrite reductase (NrfA; catalyzing the reaction shown in Eq. (1)), octahaem hydroxylamine oxidoreductase (Hao; Eq. (2)) and octahaem hydrazine dehydrogenase (Hdh; Eq. (3) 
Hdh : N 2 H 4 N 2 1 4 H 1 1 4 e lone pair of valence electrons required for direct binding of the substrate to the distal axial position of a haem c group in the active site. Interestingly, various enzymes of the MCC family have been described to catalyze more than one reaction . For example, NrfA proteins are known to convert nitric oxide and hydroxylamine to ammonium, sulfite to sulfide and hydrogen peroxide to water (Einsle, 2011; Kern et al., 2011b) . Similarly, Hao has been shown to oxidize hydrazine to dinitrogen, hydroxylamine to nitric oxide and nitric oxide to ammonium producing hydroxylamine as side product (Hooper and Nason, 1965; Terry, 1977, 1979; Hooper et al., 1997 Hooper et al., , 2004 Kostera et al., 2008 Kostera et al., , 2010 . The oxidative reaction of Hao is thought to be facilitated by the presence of two covalent links between a conserved tyrosine residue and the porphyrin ring (positions C4 and C5) of the active site haem c group called P 460 since it exhibits a characteristic absorbance maximum at around 460 nm (Bergmann et al., 1998; Cedervall et al., 2013; Elmore et al., 2007; Igarashi et al., 1997; Poret-Peterson et al., 2008) . A tyrosine crosslink at an equivalent position is also present in a biochemically and structurally characterized Hdh enzyme from the anammox bacterium Candidatus Kuenenia stuttgartiensis (Kartal and Keltjens, 2016; Maalcke et al., 2016) . Nonetheless, this Hdh enzyme lacked hydroxylamine or nitric oxide reactivity when assayed with cytochrome c as redox partner. Interestingly, genomes of anammox bacteria such as Candidatus K. stuttgartiensis and Candidatus Brocadia anammoxidans encode a multitude of up to 10 Hao paralogues and some of these also contain the crucial tyrosine residue (de Almeida et al., 2011; Kartal and Keltjens, 2016) . In line with this finding, oxidative enzyme activities were reported, namely hydroxylamine oxidation to nitric oxide and hydrazine oxidation to dinitrogen (de Almeida et al., 2011; Maalcke et al., 2014; Schalk et al., 2000; Simon et al., 2011; Strous et al., 2006) . Given the vast number of different MCCs predicted by the genomes of anammox bacteria, further hitherto undiscovered enzyme activities are conceivable.
Another as yet enzymatically uncharacterized member of the MCC family is the so-called eHao protein. At the time of the first report, this octahaem cytochrome c was predicted from the genomes of few Epsilonproteobacteria, namely host-associated Campylobacter fetus, Campylobacter curvus and Campylobacter concisus as well as the deep-sea hydrothermal vent bacteria Caminibacter mediatlanticus and Nautilia profundicola (Supporting Information Table S1 ) (Campbell et al., 2009; Kern and Simon, 2009) . Such bacteria are known for their versatile energy metabolism including various types of cytochrome c-dependent anaerobic respiration. Primary structures of eHao proteins are related to Hao/Hdh proteins from nitrifiers and anammox bacteria but lack the crucial tyrosine residue mentioned above (Kern et al., 2011a) . Therefore, a reductive catalytic activity was anticipated. In line with this assumption, the above mentioned five eHao-containing organisms have been reported to be capable of nitrate/nitrite ammonification although their genomes are devoid of an nrfA gene, with the notable exception of C. fetus (Supporting Information Table S2 ).
Here, the heterologous production and characterization of four representative eHao proteins is reported. Catalytic properties were determined in comparison with NrfA from Wolinella succinogenes and Hao from Nitrosomonas europaea. The results indicate that eHao proteins function physiologically in nitrite and/or hydroxylamine reduction thus functionally replacing the commonly used cytochrome c nitrite reductase (NrfA) of other Epsilonproteobacteria. The evolutionary role of eHao proteins within the MCC family is discussed suggesting that eHao-type proteins are ancestors of different MCC subfamilies that catalyze either reductive (NrfA-type MCCs) or oxidative (Hao/Hdh-type MCCs) reactions. Furthermore, genomic evidence is presented suggesting that eHao proteins interact with a tetrahaem cytochrome c of the NapC/NrfH family, thus forming an assembly similar to the well-known NrfHA complex.
Results
Production of eHao-maltose binding protein fusion proteins in W. succinogenes Four representative eHao proteins (haoA gene products) from C. fetus, C. curvus, C. mediatlanticus and N. profundicola were heterologously produced in W. succinogenes cells (see Experimental procedures and Fig. 1 for details on mutant construction and Table 1 for a compilation of strains and mutants used in this work). A previously described strategy for Strep-tagged MCC production in W. succinogenes ) was adopted to produce fusion proteins consisting of eHao and a C-terminally His 6 -tagged maltose binding protein (MBP), separated by a TEV protease cleavage site (Fig. 1) . This approach was found to be advantageous since Strep-tagged eHao proteins could not be produced in satisfying amounts or purity in corresponding W. succinogenes mutants (not shown). Each W. succinogenes mutant producing an eHao-MBP protein contained a single haoA gene on the genome under the control of the genuine cytochrome c nitrite reductase (nrf) promoter (Fig. 1) . During mutant construction, the endogenous nrfA gene was replaced by haoA, retaining only the DNA region encoding the Sec-dependent signal peptide of NrfA. The four eHao-MBP fusion proteins were produced in fumaraterespiring W. succinogenes mutant cells ( Fig. 2A ) and purified by dextrin sepharose affinity chromatography, yielding a maximum of 0.9 mg protein per litre culture ( Fig. 2B and C). As judged from SDS polyacrylamide gels, a minor fraction of the eHao-MBP fusion proteins appeared to be degraded, resulting in eHao proteins apparently devoid of MPB. Such mixtures of eHao-MBP fusion proteins and MBP-lacking derivatives are referred to as CfHao, CcuHao, CmHao and NpHao preparations for the enzymes from C. fetus, C. curvus, C. mediatlanticus and N. profundicola respectively.
Specific enzyme activities of purified eHao-MBP fusion proteins CfHao, CcuHao, CmHao and NpHao preparations were assayed as to their specific activities toward nitrite or hydroxylamine reduction as well as hydroxylamine oxidation using artificial electron donor or acceptor substrates (see Experimental procedures for details). All four enzymes showed reasonable hydroxylamine reductase activities, as compared with a control W. succinogenes NrfA-MBP fusion protein (Table 2) . Conversely, hydroxylamine oxidation was negligible throughout, in contrast to N. europaea Hao. CfHao and CcuHao reduced nitrite at much higher rates than CmHao and NpHao (up to a factor of 181) although at least about sixfold less rapidly as W. succinogenes NrfA. Apparent K M values for nitrite and hydroxylamine were determined to be in the low mM range (Table 2) . Nitrite reduction yielded ammonium as product (Table  3) whereas hydroxylamine was not detected before or In the genome of the latter mutant most of endogenous nrfA (retaining only the signal peptideencoding DNA stretch) was replaced by the gene encoding C. fetus eHao fused to a His 6 -tagged maltose binding protein (MBP, the malE gene product). The eHao and MBP domains of the fusion protein were separated by a TEV protease cleavage site (ENLYFQG). The modified nrf gene cluster was obtained by double homologous recombination between the genome and a suitable plasmid according to the strategy reported by Kern and Simon (2011) . DNA regions involved in homologous recombination events (regions in nrfH and nrfI) are indicated by black bars. Production of CfHao-MBP is initiated under nitrate-respiring conditions using the nrf promoter (P nrf ).
after enzyme addition (not shown). Since ammonium was not stoichiometrically produced from nitrite, the formation of other nitrogen compounds (such as NO, see Discussion) is conceivable. Interestingly, the W. succinogenes NrfA-MBP fusion protein also failed to quantitatively convert nitrite to ammonium under these conditions (Table 3) . Hydroxylamine oxidation by CfHao, CcuHao or CmHao yielded only a small amount of nitrite, which was about 50-fold lower than that obtained with purified N. europaea Hao (Table 4) .
Production and characterization of eHao tyrosine-containing variants
Using the genetic strategy described above, variants of CfHao, CcuHao and CmHao were produced in W. succinogenes cells that contained a tyrosine residue at the position corresponding to that in N. europaea Hao, where this residue was described to crosslink the monomers of the Hao trimer (Cedervall et al., 2013; Igarashi et al., 1997; Supporting Information Fig. S1 ). The hydroxylamine reductase activity of each variant enzyme (CfHao_W434Y, CcuHao_W428Y or CmHao_W464Y) was found to be in the same range as the respective wild-type counterpart (Table 2) . Conversely, the already low hydroxylamine oxidation activity was not increased upon tyrosine incorporation. Interestingly, nitrite reductase activity decreased considerably for the CfHao_W434Y and CcuHao_W428Y enzymes while it increased by a factor of 3 for CmHao_W464Y (Table 2) . Almost all K M values of the tyrosine-containing variants were higher than those of the corresponding wild-type enzymes ( Table 2) . As to the determination of reduction or oxidation products, less ammonium from nitrite was formed by CfHao_W434Y and CcuHao_W428Y but not by CmHao_W464Y (Table 3) . Interestingly, CmHao_W464Y produced a higher amount of nitrite from hydroxylamine oxidation than the corresponding wild-type enzyme (Table 4) .
UV/Vis absorption spectra
The six dithionite-reduced wild-type or variant eHao proteins exhibited typical cytochrome c optical absorption spectra with characteristic a-(551 nm), b-(522 nm) and g-peaks (418-420 nm) (Fig. 3 ). An absorption maximum/shoulder at 460 or 473 nm, characteristic for N.
europaea Hao (Fig. 3) or Candidatus K. stuttgartiensis Hdh, respectively, was absent from any eHao protein.
Primary structure analysis of eHao proteins
Since the initial descriptions of eHao (Campbell et al., 2009; Kern and Simon, 2009; Simon et al., 2011) , the number of available primary structures has increased considerably (from 5 to more than 40 amino acid sequences; see Supporting Information Table S1 for a compilation of representative organisms), including various Campylobacter and Helicobacter species (total of 18 eHao proteins from Epsilonproteobacteria). Intriguingly, the genomes of various Gamma-and Deltaproteobacteria and of a few members of the phyla Aquificae and Thermodesulfobacteria also predict eHao orthologues. Unprocessed eHao proteins range between 429 and 513 amino acid residues in length, corresponding to predicted masses of processed holo-octahaem cytochromes c from about 50 to 60 kDa. Each primary structure contains eight haem c binding motifs and largely conserved distal haem c iron ligands (Supporting Information Fig. S1 ). The crucial tyrosine residue found in nitrifier Hao (following eight residues downstream the Fig. S1 ).
The tetrahaem cytochrome c HaoC is a potential redox partner of eHao
In most cases, eHao-encoding haoA genes are accompanied by a another gene (here named haoC) that encodes a tetrahaem cytochrome c of the well-known NapC/NrfH family of membrane-bound (mena)quinol dehydrogenases (Supporting Information Table S1 and Fig. S2 ; Gross et al., 2005; Marritt et al., 2012; Rodrigues et al., 2006; Simon and Klotz, 2013) . The haoCA assembly argues for HaoC to function as a redox partner of eHao that possibly draws electrons from membranous (mena)quinol and transfers them to eHao (Fig. 4) . This architecture is strongly reminiscent of the nrfHA-encoded NrfHA complex found, for example, in Delta-and Epsilonproteobacteria (Rodrigues et al., 2006; Simon, 2002; Simon et al., 2000) . However, the formation of a complex composed of the endogenous NrfH and a heterologously produced eHao is unlikely in W. succinogenes since eHao was found to be located exclusively in the soluble cell fraction (not shown). Known organisms lacking a haoC gene in the vicinity of haoA are C. mediatlanticus, N. profundicola, Lebetimonas sp. JH292, Geopsychrobacter electrodiphilus and Desulfobulbus japonicus (Supporting Information  Table S1 ). The first three of these organisms, however, encode a small monohaem cytochrome c whose gene is situated immediately downstream of haoA but oriented in the opposite direction (not shown). Furthermore, C. mediatlanticus, N. profundicola and Lebetimonas sp. JH292 each contain an apparently orphan NapC/NrfHtype tetrahaem cytochrome c-encoding gene, which is located in the vicinity of the nap gene cluster encoding the respiratory periplasmic nitrate reductase system (tentatively named haoC in Supporting Information Fig.  S3A-C) . europaea HaoA (left) and CcuHao_W428Y (right). Spectra were obtained with purified proteins (5-8 mM) dissolved in 50 mM potassium phosphate buffer (pH 7.0). Solid line, 'as isolated'; dashed line, sodium dithionitereduced. The reduced N. europaea HaoA had absorption maxima at 460, 523 and 551 nm. The corresponding maxima of reduced CcuHao_W428Y were at 522 and 551 nm. The oxidized ('as isolated') proteins showed maxima at 530 nm.
Discussion
The catalytic properties and physiological function of eHao proteins
To the best of our knowledge, this study is the first report on the biochemical characterization of eHao proteins within the ever-expanding MCC family. The observed enzymatic properties indicate that the investigated enzymes prefer reductive reactions. The available data indicate that isolated eHao proteins are capable to reduce nitrite in a six-electron redox reaction to ammonium (Eq. (1)), making these enzymes functionally equivalent to the well-known NrfA-type cytochrome c nitrite reductases. In fact, many of the organisms predicted to produce an eHao protein have been shown to reduce either nitrate or nitrite or to form ammonium from nitrite, despite lacking NrfA and an assimilatory nitrite reductase of the NirBD-type (Supporting Information Table S2 ). For example, C. mediatlanticus cells have been shown to grow by respiratory nitrate ammonification and to reduce nitrate stoichiometrically to ammonium (Voordeckers et al., 2005) . A similar phenotype has been reported for N. profundicola (Hanson et al., 2013) . Such findings might now be generally explained by the catalytic properties of the nitriteammonifying eHao protein. Furthermore, known denitrifying Epsilonproteobacteria such as species of the genera Sulfurimonas or Sulfurovum do not contain an eHao-encoding gene. Besides their function in anaerobic respiration, NrfA proteins have also been shown to play a role in nitrosative stress defense or hydroxylamine detoxification due to their ability to reduce nitric oxide and hydroxylamine (Kern et al., 2011b; Poock et al., 2002; Simon and Klotz, 2013) . A similar function is conceivable for eHao proteins despite the fact that the reported high K M values seemingly contradict the proposed physiological function of eHao proteins as nitrite or hydroxylamine reductases. It has to be kept in mind, however, that the tested enzymes had been purified as fusion proteins from a heterologous host and examined using artificial electron donor or acceptor substrates, which might have affected their reaction kinetics and/or with the membranous quinone/quinol pool. According to this model, the primordial eHao system (HaoCA; top) is regarded as a 'missing link' in the evolution of the reductive Nrf and the oxidative Hao systems (bottom; see Discussion for details). HaoC, NrfH and Cyt. c m552 are members of the NapC/NrfH family of quinone/quinol-reactive proteins. Q/QH 2 , quinone/quinol; MK/MKH 2 , menaquinone/menaquinol; UQ/UQH 2 , ubiquinone/ubiquinol. Adapted from Simon and Klotz (2013). product range. In this context, the observed imbalance between nitrite consumption and ammonium production might be explained to some extent by the release of NO. Formation of NO from nitrite or hydroxylamine has recently been described in an enzyme activity assay that employed benzyl viologen as reductant and an octahaem cytochrome c nitrite reductase from Ignicoccus hospitalis (Parey et al., 2016) . In this case ammonium production was not detected. Based on the presented results, an earlier hypothesis on the function of N. profundicola eHao put forward by Hanson et al. (2013) appears to be needlessly complex. In their scenario, eHao was proposed to produce hydroxylamine from nitrite. Subsequently, periplasmic hydroxylamine was thought to be transported into the cytoplasm and then reduced to ammonium by a hybrid cluster protein (Hcp). In the light of our results, release of hydroxylamine by eHao under physiological conditions seems unlikely. On the contrary, it was shown here that eHao is able to efficiently reduce hydroxylamine. Moreover, the function of the Hcp protein from Escherichia coli, which has been discussed controversially for a long time, has been recently shown to catalyze NO reduction to N 2 O (Wang et al., 2016) .
Evolutionary role of eHao enzymes
Within the MCC family, eHao proteins might represent an evolutionarily ancient nitrite-reducing member of the Hao subfamily and a 'missing link' between the NrfA and hydroxylamine/hydrazine-oxidizing Hao/Hdh proteins (Fig. 4) Simon et al., 2011; see Kern et al., 2011a for a phylogenetic tree of the MCC family). The NrfA family comprises three different MCCs: (i) pentahaem cytochrome c nitrite reductases containing five CH 2 CH haem c binding motifs (predominantly present in some Epsilonproteobacteria, for example in Campylobacter species), (ii) pentahaem cytochrome c nitrite reductases harbouring an active site CH 2 CK haem c binding motif, in which the lysine residue acts as the proximal haem 1 iron ligand (this haem c group corresponds to the active site haem 4 in eHao, Hao and Hdh proteins) and (iii) octahaem cytochrome c nitrite reductases (Onr) carrying the CH 2 CK motif and an additional N-terminal trihaem cytochrome c domain. It is conceivable that NrfA/Onr-type proteins provide some beneficial properties over eHao proteins, for example in terms of efficient nitrite reduction, which could be the reason why these cytochromes are more widespread than eHao in phylogenetically younger classes such as the Gammaproteobacteria. Interestingly, NrfA and eHao appear to be mutually exclusive in most organisms, with the exception of C. fetus cells that contain one copy each of haoA and nrfA (Supporting Information Tables  S1 and S2 ). It remains to be seen, which of these proteins is actually employed in C. fetus metabolism (Payne et al., 1982) . The Hao/Hdh family only consists of octahaem cytochromes c, some of which contain the crucial tyrosine residue thought to enable oxidative reactions, for example those using hydroxylamine or hydrazine as substrates (see Eqs (2) and (3)). If true, lack of the dedicated tyrosine residue and hence the absorption peak at around 460 nm argues that eHao proteins function as a reductase under physiological conditions, which is in line with the data presented here. Interestingly, each of the three models of "cytochrome c only" electron transport chains shown in Fig. 4 comprises a member of the NapC/NrfH family to act as quinol dehydrogenase or quinone reductase, namely HaoC, NrfH or cytochrome c m552 from nitrifiers (Hooper et al., 2004; Simon et al., 2000) . This is noteworthy since only few quinone/quinolreactive systems have been described to be involved in bacterial respiratory chains Simon and Klotz, 2013) . Apart from the crystal structure of the Desulfovibrio vulgaris NrfHA complex and the CymA protein from Shewanella oneidensis, however, knowledge on the interaction of NapC/NrfH-type cytochromes c and their cognate redox partner proteins is scarce (Marritt et al., 2012; Rodrigues et al., 2006) .
Implications on environmental microbiology
In general, Epsilonproteobacteria are a phylogenetically ancient class that includes free-living chemoautotrophic species from deep-sea hydrothermal vents as well as host-associated species of the genera Helicobacter, Campylobacter and Wolinella (Campbell et al., 2006; Zhang and Sievert, 2014) . Epsilonproteobacteria possess a remarkably versatile respiratory energy metabolism and play important roles in nitrogen, sulfur and carbon cycling in marine and terrestrial habitats such as sulfidic sediments and marine oxygen minimum zones (Campbell et al., 2006) . Formate and hydrogen gas (H 2 ) are common electron donor substrates for various forms of anaerobic respiration (Campbell et al., 2006; Kern and Simon, 2009 ). Many Epsilonproteobacteria have been shown to reduce nitrate and/or nitrite during growth by anaerobic respiration, performing either nitrate/nitrite ammonification (via the Nap and Nrf electron transport systems) or denitrification, i.e. production of NO, N 2 O and/or N 2 from nitrite (Campbell et al., 2006; Kern and Simon, 2009 ). Moreover, reduction of nitrous oxide as well as growth by nitrous oxide respiration has been reported (Kern and Simon, 2016; Luckmann et al., 2014; Torres et al., 2016; Yoshinari, 1980) . In terms of nitrate respiration, Epsilonproteobacteria generally seem to use the periplasmic nitrate reductase system (Nap) for nitrate respiration and lack the membrane-bound nitrate reductase (NarGHI complex) (Kern and Simon, 2009; Meyer and Huber, 2014; Simon et al., 2003; Vetriani et al., 2014; Supporting Information  Table S2 ). In W. succinogenes, the combination of the Nap and Nrf systems has been shown to catalyze the pathway of respiratory nitrate ammonification, which is located in the periplasmic space. As described above, this trait could also be achieved by employing the Nap and eHao (HaoCA) electron transport systems (with HaoCA being functionally equivalent to NrfHA; Fig. 4) . Interestingly, orphan haoA genes in the genomes of the deep-sea vent bacteria C. mediatlanticus TB-2 and Lebetimonas sp. JH292 were found to be located immediately downstream of respective prototypical epsilonproteobacterial napA, -G, -H, -B, -F, -L, -D gene clusters (Supporting Information Fig. S3A and C; Supporting Information Table S2 ). Likewise, the haoCA gene arrangement was found immediately downstream of the nap gene cluster in Arcobacter anaerophilus (Supporting Information Fig. S3D ). Characteristically, all nap gene clusters from Epsilonproteobacteria lack a napC gene and it is thought that electron transport from the quinone/quinol pool to NapA involves a membrane-bound NapGH complex Simon and Klotz, 2013; Simon et al., 2003) . Taken together, the physiological role of eHao might include anaerobic nitrite respiration as well as ammonia production for assimilatory purposes but also hydroxylamine and/or NO detoxification, thus underlining the versatile metabolic character typical of many members of the MCC family.
Experimental procedures

Growth of bacterial cells
Strains and mutants of W. succinogenes used in this study are listed in Table 1 . W. succinogenes cells were grown in liquid media containing formate (100 mM) and fumarate (90 mM) as energy substrates as described previously (Kr€ oger et al., 2002) . Media were degassed and flushed with nitrogen gas several times to reduce the oxygen content. Media were supplemented with 0.1% (w/v) brain-heart infusion broth (Sigma). Kanamycin (25 mg l
21
) and/or chloramphenicol (12.5 mg l
) were added where appropriate. Cells of E. coli XL-1 Blue (Agilent Technologies) were used for plasmid construction and amplification. The cells were grown aerobically at 378C in LB medium (Lennox) in the presence of kanamycin (50 mg l
) for plasmid maintenance.
Construction of W. succinogenes mutants
Standard genetic procedures were used (Sambrook et al., 1989) . Plasmid DNA and polymerase chain reaction (PCR) fragments were purified using the GenElute Plasmid Miniprep or PCR Clean-Up Kit (Sigma). PCR was carried out using either Q5 High-Fidelity DNA Polymerase (New England Biolabs) or PfuUltra II Fusion HS DNA Polymerase (Agilent) for cloning and sequencing procedures or OneTaq DNA Polymerase (New England Biolabs) for mutant and plasmid screening with standard amplification protocols.
W. succinogenes mutants producing eHao-MBP fusion proteins were constructed through double homologous recombination as outlined in Fig. 1 . The strategy was adapted from Kern and Simon (2011) and used W. succinogenes napA::cat as host since this mutant was known to overproduce NrfA under fumarate-respiring conditions (Table 1) . Heterologous haoA-malE expression was achieved after replacement of the endogenous W. succinogenes nrfA gene by the haoA-malE fusion from either C. mediatlanticus, C. curvus, C. fetus or N. profundicola along with a downstream situated kanamycin resistance gene cassette (Fig. 1) . The signal peptide-encoding DNA stretch of W. succinogenes nrfA was retained. In addition, a TEV protease cleavage site-and a hexahistidine tag-encoding nucleotide sequence were added at the 5 0 -and 3 0 -ends of malE respectively. Custom-made (Invitrogen GeneArt Gene Synthesis; ThermoFisher Scientific) codon-optimized haoA genes were used to accurately reflect the codon usage of W. succinogenes.
Plasmid synthesis commenced with the construction of pMK9, a derivative of pMK2 that, in addition, contained regions encoding the TEV protease cleavage site and an adjacent hexahistidine tag replacing the Strep-tag-encoding nucleotide sequence of pMK2 . The malE gene was amplified from plasmid pMal-c2x (New England Biolabs) using the primer pair 5 0 -AAAATCGAAGAAGG TAAACTGGTAATCTGGATTAACGGCGATAAAGGCTATAA CGGTCTGGCTGAAGTCGGTAAGAAATTCGAGAAAGATA CC-3 0 and 5 0 -AGTCTGCGCGTCTTTCAGGGCTTCATCG-3 0 . The obtained malE fragment was subsequently blunt endligated with a linear plasmid fragment obtained by PCR from pMK9 with the primer pair 5 0 -CATCACCATCACCATCACTAAG GATCCAAAG-3 0 and 5 0 -TCCCTGGAAGTACAGGTTTTCC GCGCTGAGAC-3 0 . Ligation of the two fragments resulted in plasmid pTMH. The haoA genes of interest were amplified using primer pairs that contained BsaI restriction sites at their 5 0 -ends (Supporting Information Table S3 ). Finally, two BsaI cloning sites in pTMH allowed seamless insertion of the haoA genes as described previously . Site-directed mutagenesis of haoA genes was performed with the resulting pTMH derivatives as template and a pair of complementary primers using the QuikChange II Site-Directed Mutagenesis Kit (Agilent) (Supporting Information Table S3 ).
Transformation of W. succinogenes cells was performed by electroporation as described previously (Simon et al., 1998 Cell fractionation and purification of eHao proteins W. succinogenes cells (30 l) were harvested in the stationary growth phase and suspended in 30 ml buffer A (pH 7.4) containing 20 mM Tris/HCl, 200 mM NaCl and 1 mM DTT. The suspension was passed through a French press and centrifuged at 168,000 3 g (1 h, 48C) to separate the soluble (supernatant) and the membrane fraction (sediment). MBP-tagged eHao proteins were purified from the soluble cell fraction using an MBPTrap HP column with 1 ml bed volume (GE Healthcare), equilibrated and washed with 10 ml buffer A. Proteins were eluted by adding 5 ml elution buffer (20 mM Tris/HCl, 200 mM NaCl, 1 mM DTT, 10 mM D-(1)-maltose monohydrate; pH 7.4) and collected in 0.5 or 1.0 ml fractions. Cytochrome c-enriched fractions were pooled and analyzed by SDS-PAGE. Protein concentrations were determined using the Bradford protein assay at 595 nm (Bradford, 1976) .
Detection of cytochromes c
Haem staining of SDS polyacrylamide gels was performed using 3,3 0 -dimethoxybenzidine according to the method of Francis and Becker (1984) .
Determination of specific catalytic activities
Nitrite and hydroxylamine reductase activity were measured using purified proteins under anoxic conditions at 378C by photometrically recording benzyl viologen (BV) radical oxidation at 546 nm. The assay contained 50 mM potassium phosphate buffer (pH 7.0) and 1 mM sodium dithionitereduced BV. The reaction was started by adding hydroxylamine or potassium nitrite (10 mM). Specific activities were calculated using the protein concentration and an extinction coefficient of e 5 19.5 mM 21 cm
21
. One unit of enzyme activity was defined as the oxidation of 2 mmol benzyl viologen per minute.
Hydroxylamine oxidation activity was measured as described before using phenazine methosulfate (PMS, 20 mM) and 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT, 0.4 mM) as electron acceptors (Shimamura et al., 2008) . The reaction was started by adding 10 mM hydroxylamine and MTT reduction was photometrically recorded at 578 nm. Specific activities were calculated using an extinction coefficient of e 5 16.9 mM 21 cm
. One unit of enzyme activity was defined as the reduction of 1 mmol MTT per minute.
Determination of ammonium production from nitrite
Nitrite reduction was performed using the BV-based enzyme assay described above. 50 lg purified enzyme and about 5 mM potassium nitrite (Table 3) were applied and the reaction was incubated at 378C for 30 min while gradually adding sodium dithionite to a final concentration of 30 mM. Subsequently, the reaction was stopped on ice and concentrations of nitrite, hydroxylamine and ammonium were determined. For nitrite determination, diazotization of sulfanilic acid and coupling with N-(1-naphthyl)ethylenediamine was measured at 546 nm as described by Rider and Mellon (1946) . Ammonium was determined using the following protocol: a 100 ml sample (containing up to 1 mM NH 1 4 ) was mixed with 900 ml Nessler's reagent (Merck). After incubation for 15 min at 258C optical densities were measured at 475 nm using an appropriate calibration curve (0 to 2 mM ammonium sulfate; Lange and Zden ek, 1980) . Hydroxylamine concentrations were determined according to Frear and Burrell (1955) using a slightly modified protocol: 200 ml sample (up to 1 mM hydroxylamine), 200 ml sodium phosphate buffer (50 mM; pH 6.8) and 160 ml deionized water were mixed. Subsequently, 40 ml trichloroacetic acid solution (12%, w/v), 200 ml 8-quinolinol solution (1%, w/v) and 200 ml sodium carbonate solution (1 M) were added. Samples were incubated for 1 min at 958C and 15 min at room temperature and the optical density was determined at 705 nm.
Determination of nitrite production from hydroxylamine
Hydroxylamine oxidation was performed using the PMS/MTT assay described above. 50 lg purified enzyme and about 5 mM hydroxylamine (Table 4) were applied and the reaction was incubated at 378C for 60 min. Subsequently, the reaction was stopped on ice and concentrations of nitrite and hydroxylamine were determined as described above.
